INTRODUCTION
Flying fish (Teleostei: Exocoetidae) are the only ma rine fish with the unusual ability to glide above the water surface. These fish have a habitat distribution throughout tropical and sub-tropical seas (Rayner 1986) , and are a commercially important species in various regions throughout the world (Gomes et al. 1998 ). Earlier taxonomic and anatomical studies on flying fish have inferred that their high degree of morpho logical adaptation is coincident with the aerodynamic characteristics of gliders (Breder 1930 , Mills 1936 , Breder 1937 , Fish 1990 ). Four-winged genera such as Cypsilurus have pelvic fins and a body with a flattened bottom to yield additional lift (Daven port 1992 , 1994 , Park & Choi 2010 . The gliding performance of flying fish has also been studied using stroboscopic filming (Edgeron & Breder 1941 , Davenport 1990 ). These studies have re ported that flying fish leap from the water surface at a speed of about 10 m s −1 and glide for up to 50 m using their hyper trophied pectoral fins at an air speed of 15 to 20 m s −1 . The propulsion is generated by the entire caudal fin and posterior body when under water, and the enlarged lower lobe continues to generate propulsion once its body has left the water. ABSTRACT: Flying fish (Teleostei: Exocoetidae) glide at a speed considerably faster than they can travel in water. This phenomenon has been investigated and examined from taxonomic, anatomical, aerodynamic and biological standpoints through field observations. However, direct measurements of the flight performance of flying fish at the moment of leaping from the water surface have not previously been performed, due to the difficulty of monitoring gliding behavior. In the present study, we used recently developed data loggers capable of recording acceleration on a 3-dimensional axis to directly examine the gliding behavior of the flying fish Cypselurus heterurus doederleini under controlled conditions. Gliding behavior was assessed with the data logger fixed to the fish in 1 of 2 different positions, and positioning was not found to seriously affect leaping performance, as no effects on pitch angle, amplitude of fluctuation in swaying acceleration, stroke cycle frequency, or the duration of acceleration were observed. Pitch angle (20.0 ± 3.3°) and stroke cycle frequency (21.2 ± 4.6 Hz) were found to be lower in the present study than in previous studies that examined gliding behavior in the field. Additionally, the flying fish were estimated to leap from the water surface at speeds of 3.9 to 5.2 m s −1 in our study, which is 38.7 to 51.5% of previously reported maximum swimming speeds determined using stroboscopic filming. Our results suggest that the flying fish in our study may have recognized the capacity of the experimental space and regulated swimming performance before leaping from the water surface.
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Resale or republication not permitted without written consent of the publisher some flying fish dip the lower lobe of the caudal fin and beat the tail in a process called taxiing when the gliding speed decreases towards the end of the flight (Rayner 1986 , Fish 1990 , Davenport 1994 . Park & Choi (2010) examined wing performance of flying fish in detail by means of measuring aerodynamic forces and moment, as well as conducting flow visualizations using a wind tunnel.
As mentioned above, several features of flying fish have been described from the perspectives of morphological function and field observation. However, direct measurements of gliding performance on flying fish have never been conducted because of the technical difficulty of obtaining precise measurements of the high speed and unpredictable flight of flying fish in the field (Davenport 1994) . To date, the reasons for flight of flying fish remain unclear. However, it has been suggested that flying fish utilize this behavior to escape from predators, including dolphin fish Coryphaena hippurus, that feed chiefly on the fish (Rayner 1986 , Davenport 1994 . To identify the flight capability of flying fish, detailed data on gliding performance in the field are required. Hence, the goal of this study was to measure and examine the gliding performance of flying fish Cypselurus heterurus doederleini under controlled field conditions using advanced miniaturized data loggers which can record acceleration on a 3-dimensional axis (sway, surge and heave). We conducted experiments using flying fish in a aquarium where blacktip sharks Carcharhinus melanopterus were kept. We examined whether the burst swimming of the flying fish is associated with escape behavior from the predator, and quantified the escape dynamics.
MATERIALS AND METHODS
Trials were conducted at Kamogawa Sea World, Chiba Prefecture, Japan, in May 2010 and June 2011. The aquarium in which experiments were conducted was a semicircular column (depth × length × width = 7.5 × 5 × 10 m; 535 m 3 ). Ten flying fish Cheilopogon heterurus doederleini (mean ± SD fork length: 32.5 ± 1.1 cm; mean body mass: 227.4 ± 18.9 g) and 3 flying fish (fork length: 27.2 ± 2.0 cm; mean body mass 201.3 ± 32.4 g) were captured by commercial fishers with net in Kamogawa, Chiba Prefecture, Japan, in 2010 and 2011, respectively. The fishes were equipped with cylindrical acceleration data loggers (ORI400-D3GT: 12 mm diameter, 45 mm length, 9 g in air; Little Leo nardo Co.) capable of recording 3-dimensional axis acceleration (sway, surge and heave, corresponding to horizontal, longitudinal and vertical movements, respectively; Fig. 1 ). The sampling rate of the data loggers was set at 100 Hz. In order to attach the data loggers to the fish, 4 hooks with barbs were fastened around the data loggers using nylon thread and used to fix them on the dorsal surface of the fish, anterior to the dorsal fin and parallel to the body axis, in the first 10 fish (Fig. 1) . For the subsequent 3 fish, the loggers were attached as described above to the dorsal surface above the center of mass of the fish, located at the trailing edge of the maximally extended pectoral fin (Davenport 2003 ; Fig. 1 ). The attachment procedure required approx. 10 s to complete, and was performed without anesthesia. It was necessary to attach the data loggers to the flying fish externally because these fish have a flattened ventral body shape to generate extra lift. Therefore, not enough space exists to implant data loggers in the abdominal cavity (Baylor 1967 , Davenport 1994 . Bridger & Booth (2003) have also reported that the external attachment procedure has the benefit of being rapid, re quiring minimal handling stress and is suitable for short-term research. As no obvious alter ations in behavior were observed during the experiments, the attachment method used in the present study ap pears to be suitable for flying fish. After the data loggers were attached, tagged fish were immediately released to the experimental aquarium, which contained 3 blacktip sharks. The blacktip sharks almost always pursued the tagged flying fish as prey, resulting in the fish swimming rapidly ('burst swimming') and/or leaping from the water surface ('leaping') to escape the predator. When a fish leaped out of the aquarium, the flying fish was caught, the acceleration data logger was retrieved, and the fork length and body mass of the fish were measured. The swimming behavior of the flying fish was monitored visually. The acceleration data loggers measured both dynamic acceleration (tail stroke frequency) and static acceleration along the body axis (gravity or pitch). Surging acceleration, which measured the com ponent of gravitational acceleration accompanying the pitch angle of the fish when not moving or moving at a constant rate, was calculated along the longitudinal body axis of the fish (Tanaka et al. 2001 , Yoda et al. 2001 , Watanabe et al. 2006 . To separate these values, a continuous wavelet transform (CWT) filter with Igor Pro (WaveMetrics) and Ethographer software (Sakamoto et al. 2009 ) was used to extract the information on tail beat stroke frequency from swaying acceleration and pitch from surging acceleration, respectively. Pitch angle was de termined at the moment of the maximum leaping angle from extracted surging acceleration to synchronize the visu al observation records. Acceleration duration was defined as the time from when the fish began to glide or show burst swimming underwater to when the fish emerged from the water surface in order to escape from the shark. Amplitude of fluctuation in surging acceleration was calculated from fluctuation in the pitch angle. Values recorded by the acceleration data loggers were converted into acceleration (m s −2 ) using Igor Pro software. Pitch angle, amplitude of fluctuation in swaying acceleration, stroke cycle frequency acceleration duration and amplitude of fluctuation in surging acceleration were calculated by using linear mixed models to examine the effects of the position of the data loggers, as well as the behavior of the fish (gliding or burst swimming). Linear mixed models were also used to determine whether the behavior of the fish (gliding or burst swimming) or fish size, such as fork length or body mass, influenced the correlations between acceleration duration and stroke cycle frequency. Fish identity used in a trial was treated as a random effect in the models to avoid a pseudoreplication. The calculated models were fitted with the function lmer from the package lme4 in the software R 2.11 (R Development Core Team 2010), and 95% confidence intervals and p-values of each parameter were estimated by comparisons to a probability distribution obtained by 10 000 Markov chain Monte Carlo simulations with the function pvals.fnc from package language R (Baayen et al. 2008) .
RESULTS
The acceleration data for 7 leaping and 18 burst swimming behaviors in 2010 and 3 gliding and 8 burst swimming behaviors in 2011 were recorded for 13 tagged flying fish (Table 1) . Six of the 10 flying fish in 2010 and the 3 flying fish in 2011 that were pursued by the blacktip sharks flew out of the aquarium and landed on the ground. It was possible to retrieve all acceleration data loggers used in the experiment. The flying fish also showed burst swimming to escape from the blacktip reef shark under water without successful gliding. In order to compare the effects of the position of the data loggers on the gliding behavior of the fish, we compared pitch angle, amplitude of fluctuation in swaying acceleration, stroke cycle frequency and ac cele ration duration between the 2010 and 2011 experiments (Table 2) . No significant differences were observed, indicating that the position of data logger attachment did not affect gliding behavior of the fish. We thus pooled data for the pitch angle, amplitude of fluctuation in swaying acceleration, stroke cycle frequency, acceleration duration and amplitude of fluctuation in surging acceleration and compared those values between when flying fish were either successfully taking off or swimming fast to escape from the sharks. (Fig. 2) . The flying fish were found to have oscillated their tails for (mean ± SE) 0.46 ± 0.10 s, with a 21.2 ± 4.6 Hz stroke cycle frequency (n = 10), just before leaping through the water surface at 20.0 ± 3.3° (n = 10; Table 3 ), with the angle of incidence to the horizon. Amplitude of fluctuation in swaying acceleration and stroke cycle frequency values did not differ between when the flying fish were taking off and swimming to escape from the predator under water (Table 3) . However, the pitch angle calculated from surging acceleration, acceleration duration and amplitude of fluctuation in surging acceleration was significantly higher when the flying fish were leaping than when they were swimming under water. Correlations between stroke cycle frequency and acceleration duration during burst swimming were significantly different between burst swimming and gliding (p < 0.0001; Table 4 ). Fork length and body mass of fish were not found to significantly affect the correlations between stroke cycle frequency and acceleration duration, respectively (Table 4) . While significant correlation between stroke cycle frequency and acceleration duration was detected in both burst swimming and gliding, there was (Table 1) . Bars represent duration of burst swimming behavior (open) and duration of gliding behavior (closed) at the moment of leaping from the surface of the water. During the waterborne phase, the fish undergoes significant sway (a) as the pitch angle increases (b). Once airborne, the fish undergoes significant sway as the pitch angle increases Table 3 . Cypselurus heterurus doederleini. Pitch angle, amplitude (amp.) of fluctuation in swaying acceleration, stroke cycle frequency, duration of acceleration and amplitude of fluctuation in surging acceleration (mean ± SE) during leaping and burst swimming behavior of flying fish. Significant differences (at p < 0.05) between leaping and burst swimming behavior are indicated with an asterisk more significant negative correlation between stroke cycle frequency and acceleration duration in gliding (n = 10, p < 0.001) than during burst swimming (n = 25, p < 0.05), which were estimated as acceleration duration = −0.021 stroke cycle frequency + 0.919 in gliding and acceleration duration = −0.009 stroke cycle frequency + 0.430 in burst swimming (Fig. 3) .
DISCUSSION
In the present study, we conducted a direct measurement of the flight performance of flying fish using 3-dimensional acceleration data loggers. There were no significant differences in amplitude of fluctuation in swaying acceleration values between when the flying fish were leaping and when they were showing burst swimming behavior to escape from the predator under water. However, the pitch angle of the flying fish in the present study was significantly higher just before leaping out of the water (20.0 ± 3.3°) than it was during burst swimming under water (9.5 ± 3.9°). Previous studies have shown that flying fish leap from the sea surface at a 30° pitch angle relative to the horizon, with velocities of approximately 20 to 30 body lengths s −1 , as determined by indirect methods using stroboscopic filming and subsequent aerodynamic analysis (Edgerton & Breder 1941 , Davenport 1994 . In contrast, Park & Choi (2010) performed direct wind-tunnel experiments to examine the aerodynamic properties of flying fish, and found that the lift coefficient of flying fish when emerging from the sea peaked at a pitch angle of around 30 to 35°. Therefore, the pitch angle recorded in this study is lower than those previously reported; this probably had to do with the stability of gliding. Horizontal distance travelled by the flying fish without lift generation from the fins and taxiing flight can be expected to follow a projectile path according to the equation: D = (V 2 sin2H)/g, where D is the horizontal distance travelled, V is initial velocity, H is the take off angle relative to the horizon and g is gravitational acceleration. In this situation, a pitch angle of 45° maximizes the horizontal distance travelled. Thus, the horizontal distance travelled by the flying fish as expected from the take-off pitch angle measured in the present study would be shorter than those previously re ported (Davenport 1994) . To investigate the gliding be havior in greater detail, we predicted the maximum swimming speed (U max ) of a submerged fish using the formula described by Wardle (Wardle 1975) : U max = YL/2T, where Y is stride length defined as the forward motion in 1 tail beat cycle, expressed as a proportion of body length, L is fish length and T is 1 contraction time of the swimming muscles (2 contraction times is equivalent to 1 tail beat cycle). Thus, maximum swimming speed is dependent upon Y and T for fish of similar body lengths, even for different species. Stroke cycle frequency (Hz) Acceleration duration (s) Fig. 3 . Cypselurus heterurus doederleini. Correlation between stroke cycle frequency and acceleration duration in leaping (d) and burst swimming ( ) fish. Based on the acceleration data, stroke cycle frequency and acceleration duration were significantly correlated with leaping behavior (n = 9; p < 0.001), but not with burst swimming behavior (n = 11; p = 0.312). Solid lines represent fitted linear regressions for leaping behavior, described as follows: acceleration duration = −0.017 stroke cycle frequency + 0. Wardle (1975) found that the physiological and mechanical muscle properties of fish restrict maximum tail beat frequency. The muscle properties are similar in different fish with the same body length under similar water temperature conditions and a stride length of between 0.6 and 0.8 times L. In the present study, 9 flying fish (30.8 ± 3.1 cm) exhibited a stroke cycle frequency of 21.2 ± 4.6 Hz at the point of leaving the water surface. If the flying fish had used their predicted stride length of 0.6 to 0.8 times L, maximum swimming speed would have been predicted to reach 3.87 to 5.15 m s −1 when jumping from the water surface. Using stroboscopic filming methods, Davenport (1994) ), a speed shown to be the maximum cavitations-free velocity (Iosilevskii & Weihs 2008) . Furthermore, measured tail beat frequency (stroke cycle frequency) and predicted maximum swimming speeds of the flying fish in the present study were lower than those of previous studies. It is likely that the flying fish used in the present study leaped from the water surface using weaker force than those observed in the field (Edgerton & Breder 1941 , Rayner 1986 , Davenport 1994 , which may be a result of the size limitation of the aquarium.
Two factors may have affected the take-off pitch angle and stroke cycle frequency of flying fish observed in the present study. Firstly, the gliding and swimming behavior of flying fish may have been hampered by the attached data loggers. The loggers represented 3.42 to 5.06% (4.11 ± 0.48%) of the fish's body mass. Ultrasound transmitters or data loggers should weigh no more than 2% of a fish's body mass in air to exclude adverse effects according to Winter (1983) . However, the fact that stroke cycle frequency did not differ between burst swimming and gliding does not preclude the possibility that the data loggers affected both behaviors.
Secondly, drag effects due to the cross-sectional area of the data logger in the water, swimming performance with tagged fish requiring greater tail beat frequency (proportional to the square of water velocity, Bridger & Booth 2003) . Lewis & Muntz (1984) found that fish with attached transmitters showed greater fin amplitudes to compensate for the effects of the load. However, in the present study, stroke cycle frequency did not significantly differ between gliding (20.9 ± 1.7 Hz) and burst swimming behavior (22.1 ± 1.1 Hz). Davenport (1994) reported that flying fish approached the water surface at approximately 10 m s −1 , which could lead to a possible tail beat frequency of 41.7 to 55.6 Hz, as predicted using the formula for U max . These results indicate that drag produced by the attached data loggers did not affect swimming performance, including gliding behavior when the fish leaped from the water surface. Further, there were no significant differences in pitch angle, stroke cycle frequency, or acceleration duration at the moment of gliding behavior when the attachment position of the data loggers was changed from an anterior position in 2010 to directly above the center of mass of the fish in 2011. Davenport (2003) demonstrated that the positioning of the center of body mass behind the pectoral fins is important for stability in gliding, which would contribute to an increased pitch angle. We speculate that the fish were not performing maxi mally because the aquarium was smaller than needed to attain maximal take-off speed and distance. Consequently, they were not pushing their performance variables to the extreme, and, as a result, the pitch angle did not differ between the 2 positions of data logger attachment. These results also suggest that the attachment of a data logger did not significantly influence the gliding behavior of the fish in this study under these sub-optimal conditions. We also consider the possibility that flying fish might recognize ambient environments, such as the space of the aquarium in which experiments were conducted or the presence of a predator, resulting in sub-maximal performance before they leaped from the water surface. Flying fish have large eyes with flattened pyramidal cornea that permit focusing in both water and air (Baylor 1967 , Davenport 1994 . It has also been noted by Davenport (1994) that flying fish presumably identify the wind direction using visual cues provided by the underside disturbance of the water surface. The results of the present study indicate that flying fish may have obtained information on the size of the swimming aquarium (depth × length × width = 7.5 × 5.0 × 10.0 m) or the slow consistent manner of the predator (Economakis & Lobel 1998) , and adjusted their swimming performance before leaping from the water surface or performed sub-maximal leaps to avoid these sharks due to the aquarium size.
We also found that there were significant negative correlations between acceleration duration and stroke cycle frequency during gliding behavior (Fig. 3) . However, this relationship was not affected by the fork length or body mass of the fish, indicating that a certain level of force may be required for flying fish to be able to leap from the water surface. Webb (1986) reported that prey do not always escape from predators with the highest speed and acceleration possible. Furthermore, Domenici & Blake (1997) noted that motivation is one of the important factors determining the fast start performance of fish escaping from a predator. The key factor determining the relationship between ac celeration duration and stroke cycle frequency during gliding behavior re mains unclear, and future studies are needed. However, the significant negative correlation between stroke cycle frequency and acceleration duration in leaping observed in this study may provide evidence that flying fish deliberately regulate swimming performance, including swimming speed and pitch angle, according to their ambient environment be fore leaping from the water surface. Davenport (1994) pointed out that flights of flying fish would have to be set against energy-saving strategies, be cause burst swimming of teleost fish at extremely high speeds are achieved by constriction of white axial muscles (Jayne & Lauder 1994) . Our results indicated, however, that regulation of swimming performance according to ambient environment may contribute to energy conservation when leaping from the water surface. 
